Transcription factors control eukaryotic polymerase II function by influencing the recruitment of multiprotein complexes to promoters and their subsequent integrated function. The complexity of the functional 'transcriptosome' has necessitated biochemical fractionation and subsequent protein sequencing on a grand scale to identify individual components. As a consequence, much is now known of the basal transcription complex. In contrast, less is known about the complexes formed at distal promoter elements. The c-fos SRE, for example, is known to bind Serum Response Factor (SRF) and ternary complex factors such as Elk-1. Their interaction with other factors at the SRE is implied but, to date, none have been identified. Here we describe the use of mass-spectrometric sequencing to identify six proteins, SRF, Elk-1 and four novel proteins, captured on SRE duplexes linked to magnetic beads. This approach is generally applicable to the characterisation of nucleic acid-bound protein complexes and the posttranslational modification of their components.
INTRODUCTION
The unequivocal identification of proteins in DNA-bound multi-component complexes has presented a major problem in the study of transcription mechanisms. The electrophoretic resolution of DNA-protein complexes in native gels has provided an ubiquitous approach (1, 2) , whereby the identification of proteins relies on complex migration, interference patterns as the result of chemical modification of DNA (3) and the further retardation of complexes by specific antibodies (4) . There are numerous shortcomings associated with these approaches: transcription factors belong to families whose members share similar properties; they exist in several closely related isoforms; they are frequently targets for post-translational modifications, all of which can affect their functional behaviour. Most importantly, these approaches are only applicable to protein complexes that remain stable during electrophoresis.
One alternative approach has been taken in which protein complexes have been allowed to form on modified DNA and then captured by precipitation (5, 6) . A further development of this strategy has allowed the capture of functionally active transcriptional complexes on immobilised DNA (7) . In both these instances, proteins were identified by immunoblotting, which presumes some prior knowledge of participating components.
The de novo identification of proteins present in transcriptional complexes has been achieved primarily by biochemical purification on a scale unattainable by DNA-dependent capture and subsequent microsequencing (for examples, see 8, 9) . Current standards in mass-spectrometry (MS) overcome this quantitative problem. Once isolated in sub-picomole quantities, such complexes can be dissociated, their constituents resolved by SDS-PAGE and revealed by staining. Proteins can then be subjected to limited proteolytic cleavage and analysed by matrix-assisted laser desorption ionisation-time of flight (MALDI-TOF) MS. Peptide mass fingerprinting in this way may allow identification of proteins by comparison with simulated digests of expressed protein databases. However, with nanoelectrospray technology, peptide sequence can be generated directly. Such 'peptide sequence tags' can be used to identify matching sequences in protein or DNA (including EST) databases or, in the increasingly unlikely event of failure, used as the basis for cDNA cloning strategies (10) . In this way the constituents of a multiprotein complex can be identified unequivocally.
Here we have used MS to identify proteins isolated by a DNA pull-down strategy from Human Embryo Kidney (HEK) 293 cells using short oligonucleotide duplexes corresponding to the human c-fos SRE. We have identified several polypeptides bound to this site, including the previously characterised proteins Serum Response Factor (SRF) and Elk-1 (11) (12) (13) . Furthermore, sequence alterations that increase the palindromic nature of the SRE allow three additional proteins to bind, including the human Dead Box protein DDX1, which is overexpressed in neuroblastoma and retinoblastoma cell lines (14, 15) , and two novel proteins, one of which bears similarity to the Escherichia coli RtcB gene product (16) . From our observations we infer that these proteins may be recruited as a protein complex to cruciform DNA structures. 
MATERIALS AND METHODS

Cell culture and extract preparation
HEK 293 and COS1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum. Cells were transfected with 3 µg of pCMV5-SRF or pCMV5-SRF-Chis and 6 µg of pCMV5-Elk-1(his) by the standard DNA-calcium phosphate coprecipitation procedure. Eighteen hours after transfection, cells were washed and serum-starved (0.2%) for 24 h. Cells were harvested in phosphate-buffered saline (PBS), after prior stimulation, where appropriate, with EGF (50 ng/ml) for 20 min and lysed in 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 10% glycerol, 1 mM DTT, 0.2% NP-40, 1 mM benzamidine and 0.5 mM Na 3 VO 4 . After incubation on ice for 20 min, lysates were cleared by centrifugation.
Plasmids and oligonucleotides
The construction of pBS-Elk-1, pCMV5-Elk-1(his), pCMV5-SRF and pCMV5-SRFChis has been described elsewhere (17; Strahl et al., manuscript submitted). The oligonucleotide pairs used to generate the Scrambled, SRE, PalRE, PalSE, PalXE, ScraPal and ScramPal∆ duplexes for the DNA pull-down assays are presented in Figure 2 . All upper strands were 5′ biotinylated.
DNA pull-down assays
Dynabeads Streptavidin (Dynal A.S) were washed three times in buffer A (5 mM Tris pH 8.0, 0.5 mM EDTA, 1 M NaCl). Annealed oligonucleotides were incubated with beads (200 pmol/mg of beads) for 15 min at room temperature in buffer A. Beads were then washed twice with 500 µl buffer A, three times with 500 µl buffer C (20 mM Tris pH 8.0, 1 mM EDTA, 10% glycerol, 1 mM DTT, 50 mM NaCl) and resuspended in buffer C at 10 mg/ml. DNA-bound complexes were isolated as follows: 250 µg beads, bound to the SRE duplex, was incubated in buffer C with 0.1 mg/ml poly(dI-dC), 0.6 mg/ml herring sperm DNA, 1 mM spermidine, 1% BSA, 2 µg core SRF (18) and various amounts of radiolabelled Elk-1, for 15 min at room temperature. Beads were washed three times in 500 µl buffer C and eluted in 1 M NaCl. Eluted proteins were then analysed by SDS-PAGE and visualised with a Fuji phosphorimaging system.
Purification of proteins from cell lysates was performed essentially as described above, except that 600 µg of whole cell extract was incubated with 1 mg of beads bound to the appropriate oligonucleotides. Samples were analysed by SDS-PAGE and stained with SYPRO Ruby (Bio-Rad) or Coomassie blue.
Mass spectrometry
In-gel tryptic digestion of proteins was performed according to a published protocol (19) . Tryptic peptides were micro-purified and sequenced on a QSTAR quadrupole-ToF mass spectrometer (Sciex, Ontario, Canada) equipped with a Protana nanoelectrospray source (Protana, Odense, Denmark) and a Q-ToF2 (micromass UK, Wythenshawe, UK). The data were processed with PPSS2.2 (Protana's Proteomics Software Suite) or micromass UK software and the peptide sequence tags obtained were queried against non-redundant sequence databases (20) .
Protein biotinylation assay
COS1 cells transfected with an expression vector for a C-terminal his-tagged version of SRF were lysed in 50 mM Tris pH 8.0, 150 mM NaCl, 0.1% NP-40, 0.05% sodium deoxycholate, 0.1% SDS and incubated with Nickel-Agarose (Qiagen) for 1 h at 4°C (20 µl slurry per 500 µl lysate). Thereafter the beads were applied to a small column, washed four times with 10 vol of 50 mM imidazole pH 6.8, 500 mM NaCl, 0.5% NP-40 and equilibrated in PBS. Bound proteins were biotinylated as previously described (21) by incubation with NHS-LC biotin (Pierce) for 30 min at 4°C (0.5 mg/ml in PBS). The reaction was stopped with DMEM (10 min, 4°C) and beads were subsequently washed again in 20 vol of 50 mM imidazole pH 6.8, 500 mM NaCl, 0.5% NP-40. Proteins were eluted in 3 column vols of 200 mM imidazole, 150 mM NaCl. After SDS-PAGE and electrotransfer to nitrocellulose, biotinylated proteins were visualised with peroxidase-coupled streptavidin and chemiluminescence (ECL, Amersham).
Duplex cleavage by S1 nuclease
Ten picomoles of non-biotinylated oligonucleotide was labelled by incubation in polynucleotide kinase (PNK) buffer with 1.1 MBq [γ-32 P]ATP, 4 mM spermidine and 20 U PNK in a final volume of 20 µl at 37°C for 30 min. The complementary oligonucleotide was annealed to this in a final volume of 40 µl and 15 µl was then incubated with an equal volume of 2× buffer C for 15 min at room temperature. Ten volumes of icecold S1 buffer containing 10 mg/ml sheared herring sperm DNA was added and samples were incubated with S1 nuclease (25 U) for 1 h at 15°C. Finally, the DNA was precipitated and loaded onto a 15% sequencing gel. Gels were imaged using a Fuji phosphorimaging system.
RESULTS
Ternary complex formation on SRE duplex linked to streptavidin beads
Oligonucleotide duplexes were prepared with a single, covalentlylinked biotin moiety and bound to Dynabead Streptavidin (Dynal A.S). Their ability to recruit protein complexes in a sequencespecific manner was initially confirmed with recombinant proteins. As shown in Figure 1 , an SRE duplex bound 35 S-labelled Elk-1 only in the presence of bacterially-expressed core SRF (18) , indicating that the specificity of ternary complex formation by SRF and Elk-1 observed previously in electrophoretic mobility shift assays is maintained in solution (13, 17, 18, 22) .
To isolate DNA-bound complexes from eukaryotic cells, whole cell extracts were prepared from HEK 293 cells and incubated with beads to which various oligonucleotide duplexes had been attached. As a means of enhancing formation of complexes containing SRF and Elk-1, both proteins were overexpressed in the cells by prior transfection of appropriate expression vectors. After incubation with lysates, beads were collected, washed and the bound proteins eluted and analysed by SDS-PAGE.
Several proteins appear to bind non-specifically to the conjugates, as judged by their presence in samples collected by an oligonucleotide duplex consisting of a scrambled sequence (Fig. 2, lanes 1 and 2) . These proteins may have an affinity for double-stranded DNA or may recognise a cryptic sequence element, as streptavidin-coated beads alone yielded a single protein with an estimated molecular weight of 68 kDa (not shown). This protein was subsequently shown to be BSA, with which beads were incubated to suppress other non-specific protein interactions. In contrast, a SRE duplex isolated a number of additional proteins (lanes 3 and 4), which, for the most part, were bound in extracts from both serum-starved and EGF-treated cells. Most prominent among these were three polypeptides with apparent molecular weights in the range 60-70 kDa, which embraces those of BSA (68 kDa), SRF (67 kDa) and Elk-1 (62 kDa).
Bands were excised from the gel shown in Figure 2B , subjected to tryptic digestion and analysed by nano-electrospray tandem MS. Bands labelled 2, 3 and 4 each generated several doubly charged ions that generated unambiguous peptide sequence upon analysis by MS-MS ( Fig. 3 and Table 1 ). Moreover, comparison of peptide masses from MS and computer generated tryptic digests confirmed the identify of several other charged peptides. Thus, bands 2, 3 and 4 could be identified as serum albumin, SRF and Elk-1, respectively. The presence of SRF and Elk-1 in the samples collected by SRE duplexes but not in samples collected by the scrambled duplex control underlines the specificity of this approach. As explained above, the presence of serum albumin in the samples is also expected.
In the case of Elk-1, we also detected an unpredicted sequence ion (m/z = 964.0) which, upon MS-MS analysis, was identified as a phosphopeptide corresponding to Elk-1 phosphorylated on serine 324. As the sample in question derived from lysates of EGF-treated cells, this observation confirms previous data showing that Elk-1 phosphorylated on serine 324 is present in mitogen-stimulated cells (17, 23, 24) . However, the presence of the non-phosphorylated peptide in the same sample indicates that phosphorylation of S324 may be sub-stoichiometric.
Novel proteins associated with ternary complex at SRE
SRF and Elk-1 were not the only proteins that interacted specifically with the SRE duplex. An additional protein (molecular weight ∼80 kDa) was found to associate strongly and reproducibly with the SRE (Fig. 2, lanes 3 and 4) . This protein could associate either by virtue of direct DNA interactions or through protein-protein contacts with SRF, or possibly Elk-1. In order to distinguish between these two possibilities, we generated oligonucleotide duplexes containing the CArG box to which SRF binds but lacking an ets binding site (PalSE), or lacking the CArG box and ets binding site (PalXE; Fig. 2A ). Both duplexes include similar flanking palindromic sequences. The PalSE duplex captured both SRF and the 80 kDa protein (Fig. 2B, lanes 7 and 8) , whereas the PalXE bound neither (Fig. 2C, lanes 3 and 4) , suggesting that SRF, but not Elk-1, is important for recruitment of the 80 kDa protein.
We also sought some other indication of proteins interacting directly with SRF. To this end, SRF with a C-terminal histidine tag (SRF-Chis) was overexpressed in cells and isolated from lysates by nickel-affinity chromatography. Proteins bound on the column were biotinylated, prior to elution and separation Fig. 2 ). Peptide sequences are generated from Y ions whereby Y1 corresponds to the C-terminal amino acid, in each case an arginine, consistent with their origin from tryptic digestion. In the case of SRF, the peptide shown differs from the retrieved sequence by one amino acid (asterisk). This difference is interpreted as a deamidation of N47.
by SDS-PAGE. Biotinylated proteins were then transferred to nitrocellulose and visualised with peroxidase-coupled streptavidin and chemiluminescence. As shown in Figure 4 , this approach led to the labelling of a single 80 kDa protein in addition to SRF. This protein was also detected when a his-tagged mutant of SRF (M9) lacking several phosphorylation sites was used (lane 2) (25) It has previously been shown that the introduction of a second ets binding site at the SRE promotes the formation of a symmetrical quaternary complex containing two Elk-1 molecules and that the formation of this complex, which may involve Elk-1 dimerisation, correlates with SRE activity (26, 27) . We therefore reasoned that a corresponding oligonucleotide duplex would be more effective than an SRE at recruiting Elk-1 and consequently proteins with which Elk-1 might interact. As shown in Figure 2 (lanes 5 and 6), several additional proteins are detected among those captured by an SRE with two ets sites (PalRE), with molecular weights of 90, 58 and 28 kDa. These three proteins were present in complexes isolated from starved or EGF-treated cell lysates. The importance of Elk-1 and SRF in the recruitment of the 90, 58 and 28 kDa proteins could also be gauged from their capture by other oligonucleotide duplexes. As can be seen in Figure 2B , lanes 7 and 8, the PalSE captured less Elk-1 than either the SRE (lanes 3 and 4) or PalRE (lanes 5 and 6) although some Elk-1 was found to be present, perhaps reflecting the strength of direct interactions with SRF (28). The PalXE captured neither Elk-1 nor SRF (Fig. 2C, lanes 3 and 4) . However, the PalRE, PalSE and PalXE all captured similar levels of the 90, 58 and 28 kDa proteins, suggesting that their presence in the complex is not dependent on SRF or Elk-1 but on some other criterion.
The three proteins were subjected to MS and all gave rise to multiple sequence ions allowing their unambiguous identification (Fig. 5) . Of the three, only the 90 kDa protein, a dead box protein called DDX1, has been studied previously (14, 15) . Both the 58 and 28 kDa proteins correspond to hypothetical proteins of unidentified function, identified by six and five peptide sequences, respectively. However, BLAST searches reveal numerous orthologues of each protein in Caenorhabditis elegans, Drosophila melanogaster, Saccharomyces cerevisiae and several bacteria and archibacteria. It should be noted that the 28 kDa samples also contained three peptides corresponding to tryptic digestion products of human ribosomal proteins RS3 and RS4. These results are summarised in Table 1 .
As the binding of these proteins appeared to be indpendent of SRF and Elk-1, we sought an alternative explanation for their presence. In the case of the PalRE duplex, the introduction of a second ets binding site to the SRE increases the length of palindromic sequence from 7 to 11 bp. Similarly, the PalSE, which lacks ets binding sites, and the PalXE, which also lacks a CArG box, both contain extended palindromes of 11 bp. Thus it seemed feasible that the 90, 58 and 28 kDa proteins that bind to the PalRE, PalSE and PalXE recognise a conformational element rather than a sequence motif, the most likely being a stem-loop structure or cruciform.
To test this possibility, palindromic versions of the scrambled duplex were generated. ScramPal is able to form a cruciform similar to those formed by PalRE, PalSE and PalXE. In contrast, ScramPal∆ lacks sequences beyond the palindrome ( Fig. 2A) and can yield a biotinylated stem-loop but no cruciform. As shown in Figure 2C , lanes 5-8, the 90, 58 and 28 kDa proteins bind to ScramPal but not to ScramPal∆, indicating that they recognise a cruciform rather than a stem-loop structure.
To assess cruciform formation by the SRE, PalRE and PalSE, we compared their susceptibility to cleavage by S1 nuclease, a single-strand-specific endonuclease. As shown in Figure 6A , all three duplexes yield S1 cleavage products of 16-19 nt, indicating that in all three duplexes, the A/T-rich core of the CArG box has single-strand character. This suggests that all three have the propensity to form cruciforms. However, the SRE is more resistant to cleavage by S1 nuclease, as judged by the intensity of the bands corresponding to the uncleaved duplexes (Fig. 6B ). This result suggests that the PalRE and PalSE duplexes more readily form S1 sensitive structures, such as cruciforms, than the SRE duplex, which could account for their ability to bind the 90, 58 and 28 kDa proteins. Alternatively, as the SRE also appears to have some single-strand character under our experimental conditions, the length of the stem may be the governing factor rather than cruciform formation per se.
Notably, in lysates from untransfected cells, the yield of these three proteins bound to the PalRE and PalSE was higher (our unpublished observations), suggesting that increased levels of SRF in the lysates may serve to suppress cruciform formation by these DNA duplexes.
Taken together, our results show that the combined approach of DNA affinity capture and mass-spectrometric protein sequencing allows the unambiguous identification of proteins that participate in the formation of multi-component complexes on DNA through the interaction with specific sequence elements or conformational structures.
DISCUSSION
Eukaryotic transcription involves the establishment of a large, basal transcription factor complex on gene promoters which controls the activity of RNA pol II and is regulated by additional, distally bound transcription factors. While many of the components of the basal transcription machinery have been identified, cloned and studied in varying detail, much less is known about distal, regulatory transcription factor complexes. What is known is that, directly or indirectly, they aid in the recruitment of components such as histone acetyl transferases, deacetylases, chromatin remodelling engines and other activities that modulate transcriptional events (29, 30 ). Here we have used a direct approach towards identifying novel components of such complexes and describe the interaction of six proteins with sequences derived from the human c-fos SRE.
The precipitation of DNA-bound protein complexes for further analysis was first described in the identification of Fos and Jun as components of AP-1 (5,6). Subsequently, an approach has been developed to allow the isolation of pre-initiation complexes on linear DNA templates, which can subsequently be assayed for transcriptional activity (7) . Given that the binding of SRF and ternary complex factors such as Elk-1 to the c-fos SRE is well established (12, 13, 18, 22, 31) , our initial aim was to generate a ternary complex in vitro with purified components and use it to capture additional proteins from cell lysates. Although we were able to achieve the former qualitatively, as demonstrated in Figure 1 , we were unable to ensure quantitative formation of ternary complexes on immobilised DNA.
We believe this may reflect the highly dynamic interaction of Elk-1 with SRF and the SRE (32) . We therefore adopted an alternative approach to enhancing ternary complex formation by overexpressing both SRF and Elk-1 in cells from which lysates were subsequently prepared.
Under our binding conditions we observed that complex capture was not affected by the length of DNA duplex flanking The novelty and analytical power of our approach lies in the subsequent mass-spectrometric analysis of captured complexes. On the basis of their expected complexity, we opted to separate complexes by single dimension SDS-PAGE, rather than on 2-D gels, and analyse individual polypeptides separately. Samples cut from several different gels, stained either with Coomassie blue or SYPRO ruby, gave very similar results, underlying the inherent reproducibility of the approach. In retrospect, having established the efficiency of the procedure, the bulk processing of complexes and chromatographic separation of derivative peptides prior to MS appears to be a realistic option.
Rather than rely on the identification of proteins by tryptic peptide mass fingerprinting, for which single MS (MALDI-TOF) would be appropriate, we predicted that the derivation of peptide sequence information generated by tandem MS-MS would allow us to identify novel proteins and, more importantly, the modification of proteins binding to the SRE. This proved to be the case on both counts. First, two samples yielded several peptide sequences that failed to identify any protein in the currently available databases (data not shown). Secondly, we identified and sequenced one peptide derived from Elk-1 phosphorylated on S324, a site previously found to be modified in mitogen-stimulated cells (17, 23, 24) .
In addition to SRF and Elk-1, we identified an 80 kDa protein that interacted with the SRE, PalRE and PalSE. As Elk-1 binding to the PalSE is compromised, this protein was presumed to bind either to the SRE directly or through interactions with SRF. However, point mutations in the CArG box that abolish SRF binding (PalXE), also prevented capture of the 80 kDa protein, suggesting that its interaction with the SRE required SRF. Moreover, affinity purification and biotinylation of SRF and co-purified proteins (21) revealed a single protein of 80 kDa associated with SRF but absent from control preparations. All these observations are consistent with the notion that the 80 kDa protein associates with SRE duplexes on the basis of its interaction with SRF. The 80 kDa protein is presently the subject of further analysis and will be described in more detail elsewhere.
Three proteins, of 90, 55 and 28 kDa, bound specifically to the PalRE, PalSE and PalXE, but not to the SRE. They were identified unequivocally as DDX1, a hypothetical 55.2 kDa protein (p55.2) and CGI-99. DDX1 is a member of the DEAD Box family of proteins, identified as RNA helicases, whereby the eponymous DEAD box (asp-glu-ala-asp) forms a conserved motif in the molecules' ATPase domains (33) . DDX1 is reported to be amplified in some neuroblastoma and retinoblastoma cell lines (14, 15) and may play a role in the development of neural tissue. The p55.2 protein has numerous orthologues in eukaryotic and prokaryotic organisms. It is structurally related to E.coli rtcB, a protein of unknown function that forms part of the RNA 3′-terminal phosphate cyclase operon and for which at least one other human relative has been cloned (16) . The 28 kDa protein CGI-99 is similar to the chicken protein CLE7 and other related hypothetical proteins have been identified within the genomes of D.melanogaster, C.elegans and S.cerevisiae, although no function has been ascribed to any of them.
As two of these proteins have relatives implicated in RNA catalysis, their interaction with DNA duplexes is intriguing. Although there is no evidence available to suggest that DDX1 or other DEAD Box helicases act on DNA, some DEAD-box proteins do show promiscuity in their substrates, either for helicase activity or for nucleic acid-stimulated ATPase activity (P.Linder, personal communication). Given their specific interaction with some but not all duplexes, the three proteins must recognise a distinct sequence or structural element. By a process of elimination, this was revealed to be an inverted repeat, separated by a 6 bp A/T-rich core corresponding to that of the CArG box to which SRF binds. Moreover, duplexes unable to form cruciforms failed to capture the three proteins. We also found no evidence of sequence specificity.
The cruciform character of the PalRE and PalSE duplexes is indicated by their susceptibility to cleavage and degradation by the single strand-specific S1 nuclease. We infer that they possess stronger cruciform character than the SRE, because they are cleaved by S1 more readily, whereafter they are unstable and digested. An alternative explanation for the failure of the SRE duplex to bind the 90, 55 and 28 kDa proteins may be that the palindrome is only 7 bp in length and too short, whereas in the case of the PalRE and PalSE the stems are 11 bp long and may accommodate protein binding.
When comparing the resolved complexes from Elk-1 and SRF-transfected cell lysates with those from untransfected cells, the only obvious difference, apart from the levels of SRF Figure 6 . S1 nuclease sensitivity of SRE duplexes. (A) DNA duplexes 32 P-labelled at one end were incubated with S1 nuclease and the digestion products resolved on a 15% sequencing gel. Markers correspond to two oligonucleotides of 35 and 17 nt similarly end-labelled. Arrows indicate S1 cleavage within the A/T-rich CArG box. (B) Full-length duplexes before (-) and after (+) S1 digestion.
and Elk-1, was that the yield of the three proteins binding specifically to the PalRE and PalSE was higher from untransfected cell lysates (data not shown). This suggests that increased levels of SRF in the lysates may serve to suppress cruciform formation by these DNA duplexes. As the level of the 80 kDa protein did not appear to change with SRF expression (not shown), it may be expressed at limiting levels in HEK 293 cells.
The consistent and reproducible capture of DDX1, p55.2 and CGI-99 suggests that they may exist together in a functional complex. In the absence of appropriate reagents we have been unable to explore this possibility. At present we also do not know what role this trio of proteins, if any, may play in transcriptional regulation. Given that DDX1 is potentially an ATPdependent helicase, it may be involved in the resolution of DNA perturbations arising due to changes in superhelical stress during transcription (34) . Nonetheless, it remains feasible that their capture in association with a palindromic promoter sequence may be entirely fortuitous. For example, they may recognise and act on Holliday junctions that occur as intermediates during replication (35) . However, the binding of many transcription factors as dimers or multimers to palindromic sites suggests that these proteins may play a role in the maintenance of promoter conformation during transcriptional activity.
